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Abstract 
The functionalization of fiber-reinforced polymer composites by integration of piezoelectric transducers allows for both 
the measurement and the excitation of guided waves within the component. A common use for guided waves in composite 
components is nondestructive examination. In the presented work, however, the radiation of ultrasound waves from the 
surface of the component due to guided waves in the component is utilized. Glass fiber-reinforced polypropylene (GF/PP) 
plates with integrated arrays of piezoelectric macro fiber composite (MFC) transducers are used as ultrasound transmitter 
and receiver. The plates are then set up as facing walls of a rectangular duct and the sound transit times between the plates 
are measured. From the measured sound transit times, the velocity of gas flow inside the composite duct is determined. In 
that way, a flow sensor integrated in the walls of a flow channel, e.g. an air duct, made of composites is built. This paper 
focuses on the manufacturing of such an integrated flow sensor. 
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Nomenclature 
GF/PP glass fiber-reinforced polypropylene (composite) 
MFC  macro fiber composite 
1. Introduction 
Fiber-reinforced polymers have been successfully used in industrial duct systems, as they offer high 
corrosion resistance, low cost and low maintenance (McConnell, 2011). Furthermore, composite components 
can easily be functionalized. For example, sensor networks have been integrated successfully into fiber-
reinforced polymer composite components as shown by Kunadt et al., 2010 and Moulin et al., 1997 discussed 
the application of integrated piezoelectric transducers to plate wave generation. The presented work brings 
together these previous research results to build a flow meter with arrays of piezoelectric transducers 
integrated into the walls of a duct partially made of a fiber-reinforced composite (Fig. 1). 
 
Such an assembly combines the advantages of commercially available in-line and clamp-on ultrasonic flow 
meters: like clamp-on flow meters, it protects the transducers from chemically aggressive and abrasive flow 
media and does not disturb the flow within the duct. Like in in-line flow meters, the position of the transducers 
is fixed which increases the repeatability between measurements. 
 
In addition, the proposed flow meter can be manufactured much cheaper than existing ultrasonic flow 
meters as the piezoelectric transducers are capable of series production as reported by Hufenbach et al., 2009. 
The integration of the transducers into the composite duct is straightforward and, thus, does not significantly 
increase the processing costs of the composite duct production compared to composite ducts without 
integrated transducers. Because the walls of the duct act as sound transducers themselves, it is possible to 
build the duct from piezoelectric composite material, e.g. fabric with piezoelectric fibers, and form arrays 
through the integration of respective electrode layers.  
2. Manufacturing of the integrated flow sensor 
As a proof-of-concept, an integrated flow meter has been manufactured using a glass fiber-reinforced 
polypropylene (GF/PP) composite that has been functionalized by integrating macro fiber composite (MFC) 
piezoelectric transducers. The MFC transducers have been chosen because of their lower bending stiffness 
(see Macro fiber composite (mfc) brochure, 2011) compared to monolithic piezoceramic transducers of the 
same piezoelectric material.  
 
 
Fig. 1. Design concept of the integrated flow meter 
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Fig. 2. Array of macro fiber composite (MFC) transducers with lead wires and connection pad on weft-knitted hybrid yarn fabric before 
integration 
Thus, the risk of fractures in the transducers during the consolidation of the composite is decreased. 
Furthermore, MFC transducers offer directive sensitivity to plate wave generation and reception as 
analytically described by Matt and Lanza di Scalea, 2007 that ensures sound radiation from the surface of the 
duct walls being aligned with the flow direction. 
 
The integrated transducers have an active length of 7 mm and an active width of 12 mm and are placed 
lengthwise at constant interspaces of 15 mm (left edge to left edge) within the arrays (see Fig. 2). In order to 
ensure the constant interspaces between the single MFCs during the consolidation process of the layer 
structure, they have been fixed to one another with polyimide tape. For the electrical connection of the 
integrated transducers, tinned copper wire has been soldered to the contacts of the MFCs using lead-free 
solder (Sn96Ag4) with a melting temperature of 221 °C. Each wire has been electrically insulated with 
silicone tube and the two lead wires of each transducer have been twisted with each other to decrease 
electromagnetic susceptibility. The lead wires were soldered to a connection pad that was laid bare by milling 
after the consolidation of the composite to connect the external signal processing electronics (amplifiers and 
DAQ system). 
 
The arrays have been put between the 5th and 6th layer of a 6-ply layer structure of weft-knitted GF/PP 
hybrid yarn fabric to maximize the sensitivity of the transducers for flexural plate waves (Fig. 3(a)). From the 
GF/PP fabric layer structure, the GF/PP duct walls were manufactured by compression molding at 200 °C and 
500 kPa. The weft-knitted fabric is reinforced biaxially with a GF/PP roving in 0° and 90° direction. All 
layers as well as the MFC transducers are orientated in the 0° direction. The thickness of the plate is 
approximately 3 mm after compression molding. Both transducer arrays have been integrated into a single 
plate to ensure identical consolidation process parameters and, thus, mechanical properties of the composite 
duct walls (Fig 3(b)). The plate was then cut into two pieces. The two GF/PP plate pieces with the integrated 
transducer array are set up as facing duct walls. The side walls of the duct are made of stainless sheet steel 
(see Fig. 4). 
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(a)             (b) 
Fig. 3. Layer structure of the GF/PP plate (a) and consolidated GF/PP plate (b) 
 
 
Fig. 4. Integrated flow sensor consisting of two GF/PP duct walls with integrated transducer arrays (side wall removed) 
3. Functional principle of the integrated flow sensor 
The integrated piezoelectric transducer array in one duct wall is driven with transient voltage signals and 
excites plate waves. Due to the coupling between the duct wall and the fluid inside the duct sound waves 
propagate from the surface of the duct wall through the fluid. The radiated sound waves travel through the 
fluid inside the duct and excite plate waves in the facing wall of the duct. There, the second integrated 
piezoelectric transducer array measures the transient strains induced by the travelling plate waves in the duct 
wall. Thus, the sound transit times between two facing walls of the duct can be measured. As both integrated 
transducer arrays can be used for plate wave excitation and sensing, the direction of the sound transmission 
between the two facing duct walls can be reversed, i.e. the radiated sound waves are propagating both 
upstream and downstream. From the upstream and downstream sound transit times tu and td, respectively, the 
flow velocity v inside the duct can be determined by 
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wherein d is the distance between the two facing duct walls and  is the angle of sound radiation between 
the sound wave fronts and the surface of the duct wall. 
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Fig. 5. FE calculation of the sound radiation from the duct wall with an integrated transducer array (color represents sound pressure) 
The reproducible excitation of plate waves in the sound receiving duct wall is only possible if the sound 
waves are plane waves. In order to radiate mainly plane waves, the integrated transducer arrays are driven as 
phased arrays, i.e. with variable time delays between the single transducers of the array. The optimum time 
delay is equal to the time it takes the plate waves to travel between two transducers as then the resulting plate 
wave is at maximum amplitude. With a 2D FE model of the longitudinal section of the duct wall with 
integrated piezoelectric transducers embedded in air, the sound radiation has been visualized (Fig. 5). 
4. Functional test 
Building on the integrated flow sensor, a flow meter demonstrator has been set up which comprises a 
LabVIEW DAQ system, transmission and receive amplifiers, an electromechanical switch for the change of 
sound transmission direction, as well as the rectangular flow sensor duct.  
 
The integrity of the integrated transducers has been tested with ultrasound transmission between the two 
GF/PP duct walls of the demonstrator in both directions. For clarity, in Fig. 6 only the positive half of the 
envelopes of the received signals are shown for the forward and backward ultrasound transmission at a 
frequency of 55 kHz, respectively. This frequency has been chosen to utilize the wavelength tuning effect as 
described by Giurgiutiu, 2005 for maximized sensitivity of the transducers.  
 
As can be seen from the envelopes, 11 of the overall 12 (2 arrays of 6 MFCs each) integrated MFCs show 
similar maximum amplitudes between roughly 300 mV and 400 mV after amplification (gain of the receive 
amplifier ca. 10 000) and, thus, similar sensitivity to the sound-excited plate waves. However, the 5th MFC in 
array 2 (Fig. 6, right) shows significantly greater sensitivity to the sound-excited plate waves. This deviation 
may be due to the coupling between this MFC and the GF/PP composite, i.e. there is a direct contact between 
the MFC and the glass fibers of the composite while usually the polypropylene matrix is between the MFCs 
and the glass fibers. A direct contact between the glass fibers and the MFC transducers results in better strain 
coupling between the GF/PP composite and the MFC transducers. 
 
First flow measurements with the integrated flow meter using an air blower and a hand-held vane 
anemometer as reference showed good repeatability, good linearity and a satisfactory measurement accuracy 
of less than 5 % (after calibration). However, detailed research on the measurement properties of the 
integrated flow meter with a dedicated flow duct setup is still ongoing. 
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Fig. 6. Positive halves of the envelopes of the received signals in integrated transducer array 1 (left) and array 2 (right) at 55 kHz 
5. Conclusion 
In this paper, a flow meter integrated in the walls of a composite duct has been presented with focus on the 
manufacturing of a demonstrator. As the manufacturing of the integrated flow meter can be fully automated, 
high volume production and thus low production costs are possible. The presented flow meter is based on 
functionalized piezoelectric composite material, e.g. a fiber-reinforced polymer that is capable of sending and 
receiving ultrasound waves. 
 
As a proof-of-concept, a demonstrator was built with two facing GF/PP plates as duct walls with integrated 
arrays of MFC transducers. A functional test proved the integrity of the integrated transducers after the 
consolidation and showed similar sensitivity for the majority of the transducers. Measurements of the flow 
velocity inside the duct showed good repeatability and linearity as well as satisfactory measurement accuracy. 
Further investigation of the measurement properties of the integrated flow meter remain to be done. 
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